Phenomenology of a light gluon resonance in top-physics 

at Tevatron and LHC 



Ezequiel Alvare^'", Leandro Da Rolco'^, Juan Ignacio Sanchez Viettccl''^, 
O I Alejandro Szynkmancl'^ 



l> 



S 



"^CONICET, INFAP and Departamento de Fisica, FCFMN, Universidad de San Luis 
Av. Ejercito de los Andes 950, 5700, San Luis, Argentina 



^ ■ ^CONICET, Centra Atomico Bariloche and Institute Balseiro 

'p'. Av. Bustillo 9500, 84-00, S. C. de Bariloche, Argentina 

D ' ^CONICET, IFIBA and Departamento de Fisica, FCEyN, Universidad de Buenos Aires 
r^, ' Ciudad Universitaria, Pab.l, (14-28) Buenos Aires, Argentina 

'^ IFLP, CONICET - Dpto. de Fisica, Universidad Nacional de La Plata, C.C. 61, 1900 La 
K>- ' Plata, Argentina 

,__! , Abstract 

f^ ' We present a phenomenological analysis of the recent Tevatron results on the tt 

forward-backward asymmetry and invariant-mass spectrum assuming a new contribution 
from an s-channel gluon resonance with a mass in the range from 700 to 2500 GeV. In 
contrast to most of the previous works, this analysis shows that for masses below ~ 1 

^ ■ TeV resonant New Physics could accommodate the experimental data. In general, we 

find that axial-like couplings are preferred for light and top quark couplings, and that 
only top quark couples strongly to New Physics. We find that composite model scenarios 
arise naturally from only phenomenological analyses of the experimental results. We show 
that our results are compatible with recent LHC limits in dijet and tt production, and 
find some tension for large resonance mass ~ 2.5 TeV. We indicate as best observables for 
discriminating a relatively light new gluon a better resolution in CDF forward-backward 
asymmetry, as well as the ti charge asymmetry and invariant-mass spectrum at the LHC. 
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1 Introduction 

The Standard Model (SM) has accurately explained with great success the physics up to the 
~ 100 GeV scale. However, there are several hints that indicate that New Physics (NP) could 
be expected at the TeV scale. Among the main motivations to look for NP at this scale, we 
can mention the quadratic divergences of the Higgs mass and the mechanism responsible for 
spontaneous symmetry breaking. 

To explore the TeV-scale physics, physicists have built two colossal machines, Tevatron and 
LHC Tevatron has not found signals of the Higgs boson, but it has studied as never before the 
top quark sector. The LHC has begun its search for the Higgs boson, which could take a few 
years. In the mean time, the LHC is becoming the largest top factory ever built. 

Experiments in Tevatron and LHC have a special focus in top quark physics since, from a 
theoretical point of view, it is expected that the top quark could be a window to the NP pQ. 
In fact, mainly because its extraordinary large mass and secondly because its poor exploration 
insofar, it is expected that the study of top quark production and the analysis of its properties, 
as couplings, mass and width, may throw some light on how is the NP. As a matter of fact, 
CDF and DO have published several articles [21 [3l H] in the last few years on ti pair-production, 
where in CDF results the forward-backward asymmetry (A^p^) measurement did not agree 
with the SM NLO (next-to-leading order) expectation, whereas the cross section (au) and its 
invariant-mass {Mu) spectrum did agree with the SM NLO expectation. These results have 
raised the attention of the theoretical community which has essayed their hypothesis in several 
and varied publications |5]. In a recent CDF article [6] on this issue, it was found that the total 
ApB agrees with the SM expectation, but when studied as a function of the invariant mass of 
the top pair a large deviation (~ 3a) is found for large invariant mass. On the other hand, the 
cross section and invariant-mass spectrum still agree with the SM expectation. The results in 
that article, which have also motivated many theoretical publications [7], are the motivation 
for the present work. 

CDF has reported in Ref. [6] that the forward-backward asymmetry measured in pp — )■ ti 
processes deviates from the SM prediction when the invariant mass of the ti pair is above 450 
GeV. This deviation, when analyzed from the not-unfolded results, consists in 4 bins in the 
range 450 GeV < Mu < 700 GeV in which, although with little statistical significance, all the 
measurements are above the SM expected. When this data is unfolded and computed in only 
2 bins for M^ ^ 450 GeV, then a 3.4 a disagreement is found in the higher invariant mass bin. 

Previous works [7] have proposed new particles in t- and s-channel, and non-resonant NP 
as effective operators to solve this anomaly. Moreover, in all the s-channel proposals, the 
resonance mass is always pushed above ~ 1.5 TeV in order to avoid spoiling the invariant-mass 
spectruno. In this work, motivated by a qualitative analysis of the not-unfolded data on the 
A^^ in Ref. [6] -which has much better resolution than the unfolded results-, we explore the 
possibility of having an s-channel contribution of a new particle whose mass could be as light 



^During the preparation of this article [5], a work analyzing the possibility of a light s-channel resonance 
came out [5]. In the region of the parameter space shared with the present article we reach similar conclusions. 



as ~ 700 GeV. In fact, the excess in the not-unfolded data in A\p^ may be suggesting the well 
studied tail of a non-resonant contribution, as well as a light (~ 700 — 1000 GeV) resonance 
peak. Henceforth, we have explored the phenomenology of an s-channel colour-octet resonance 
with chiral couplings in a mass range from 700 GeV to 2500 GeV. We have required for the light 
resonance to be weakly coupled to light quarks in order to avoid spoiling the tt invariant-mass 
spectrum and the colliders jet phenomenology. As it is shown in the article, these and other 
phenomenological requirements give rise naturally to composite model scenarios where only the 
top quark couples strongly to the NP. Moreover, we found that axial-like couplings for light and 
top quarks are preferred in all the studied mass range. Although we found that larger masses 
are preferred, these are more likely to be excluded by the dijet phenomenology. 

It is worth stressing at this point that, although the motivation for this work came from 
a qualitative analysis of the above mentioned not-unfolded data, the quantitative analysis has 
been performed against the unfolded data. 

This work is divided as follows. In the next section we present the effective model to be 
used in the analysis. In section |3] we perform an analytic study of the process qq — )■ ti, paying 
special attention to the resonant and interfering terms in order to determine which are the best 
regions of the parameter space to look for agreement with the CDF observables A^p^ and Mu- 
spectrum. In section H] we present the results of Monte Carlo pp — )■ ti simulations, exploring 
the parameter space of the effective model which satisfies the CDF observables. Section |5] 
analyzes the favourable points in parameter space found in previous section within the existing 
constraints and perspectives for LHC. Section O contains an analysis and discussion of the 
favourable points within the framework of some popular models as warped extra-dimensions 
and composite models. Section [7] contains the conclusions and final ideas. 



2 Effective model 

We consider a model with a light gluon resonance transforming as an octet of SU(3)c and mass 
M ~ TeV. Such a scenario is naturally obtained within the framework of composite models and 
extra dimensions, since they typically contain this class of resonances [10]. The interactions 
with the SM-quarks are given by: 



Cint D ^9s{fgL QL Q*(lL + f q^ QR Q* qn) , (1) 



where /^^ ^ are the chiral couplings between the gluon resonance and the SM quarks, in units 
of the strong coupling Qg. For simplicity we will consider that the light quarks have the same 
chiral couplings: 

Jul JdL /cl Isl Jql ' JUr Jdn Jcr Jsr Jqn i \^) 

and we will allow different couplings for the third generation: 

ftL = fbL 5 ftR ; fbR ■ (3) 



For a more complete description of a large class of effective theories containing a gluon 
resonance as well as electroweak (EW) and fermionic resonances, look Ref. [11] and Refs. [121 



In warped extra-dimensional and composite Higgs models fq is usually correlated with the 
Yukawa couplings, leading to /c,s > fu,d- However the quark content of the proton is mostly 
u and d quarks, thus at leading order in our model /c, fs and /& only enter in the width of 
the resonance. As we discuss next, also the recent experimental results from Tevatron prefer 
ft,b > fq, leading to a resonance width mostly determined by the couplings ft^b- In this scenario 
top-pair creation in proton collisions are not sensitive to small differences between the couplings 
of the first and second generations, as long as they remain small compared with the couplings 
of the third generation, justifying our simplified assignment. The anomaly in A^p^ measured 
at LEP and SLC can be solved if Br is partially composite, leading to larger couplings for b^ 
than for the light generations. For this reason we consider fh^ as an independent coupling and 
allow it to be larger than fg [121 [131 [13 [IS]- For /^ ;, > 1, the resonance width is comparable 
to the resonance mass: T/M ~ 0.1 — 1, therefore we will consider an energy dependent width 
for the resonance. 



3 Analytic study of the qq — > tt process 

Within the framework of the effective model considered in the previous section, we perform an 
analytic parton-level analysis of both the forward-backward asymmetry and the cross section 
of ti pair production at Tevatron. The NP contribution to ti production in Tevatron comes 
from a gluon resonance exchange in the s-channel of the qq — )■ ti process. Henceforth, in order 
to obtain a qualitative understanding of the asymmetry and the cross section at Tevatron, we 
study the s-dependent tree-level parton formulae in the center of mass frame of the ti system. 
In the following section, we refine the analysis turning to a Monte-Carlo simulation of the 
pp — )■ ti process and include the SM-NLO result that gives a non- vanishing contribution to the 
SM expected value of A^p^. 

When considering ti as the final state, we can write the differential angular cross section in 
the center of mass reference frame of the ti system as 

"^"^ A'"" + ^™^ + A""^"" (4) 



dcos9 



where INT and NPS stand for SM-NP interference and new physics squared, respectively. At 
tree- level, including only LO QCD and the gluon resonance contributions, the three different 



terms read 
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The SM contribution corresponds to the s-channel gluon exchange diagram, the NPS term 
is obtained by replacing the gluon by G* in that diagram, and INT stands for the gluon-G* 
interference. The angle 6 is defined by the directions of motion of the top quark and the 
incoming light quark (up quark, for instance) in the center of mass frame of the top pair 
system. The coefficient Vq{aq) denotes the vector(axial) coupling between a quark of the light 
generations and G* in units oi gs, whereas Vt{at) is an analogous notation for the top couplingsQ 
Finally, M represents the mass of G*, -y/i is the energy in the center of mass frame of the ti 
system and (3 = a/1 — 4mf/s is the velocity of the top in that frame. Since the narrow-width 
approximation is no longer valid for large couplings, the use of a modified Breit-Wigner function 
is needed for the G* propagator in Eqs. ( !6|71) . where rG*(s) is an energy dependent width. 



The forward and backward cross sections are defined as 

/ 1 -^dcosO, as = -r . 

/o dcos& J_i acosd 



- f da _ f da 
ap = I -acosti , as = I -acosO, 



and A^pQ is given by 

A'.s = '-^^- (9) 

Note that just the constant and cos2 6 terms contribute to au, whereas only the cos 6 term gives 
a contribution to the numerator of A^p^. 

If the NP effects in the cross section are small compared to the leading SM contribution, 
^SM ^ ^NP ^-^i^QYQ (jNP contains both INT and NPS contributions), we can approximate A^p^ 
by 

At ^ .t{SM) .t{NP) ,^.^ 

^FB ~ ^FB + ^FB ' U^J 

for each bin in the A^p^ invariant-mass distribution. The numerator oi Ap^ includes INT-I-NPS 
terms given at tree-level by Eqs. (E]) and ([7]), whereas the denominator is dominated by the 



^Thc vector and axial couplings are given in terms of the chiral couplings introduced in Section [2] as 

"9,t = (/(9.t)« + /(9,t)z.)/2 and a,,* = {fiq,t)^ - fiq,t)J/2. 



SM tree-level contribution given by Eq. (J5]). We use the NLO result for Ap^ in order to 
take into account the SM contribution to the asymmetry. We have checked that the condition 
^SM ^ ^NP jg gatisfied in our simulations. 

The main point of this section is to gain a preliminar insight on which parameter space 
regions are favored by the experimental results. According to this, we analyze Eqs. (IMZ!) and 
look for general conditions to be fulfilled by the couplings. In particular, motivated by the 
not-unfolded data on A^p^ (see Fig. 10 in Ref. [6]), we pursue to reproduce the peak around 
650 GeV as a resonant effect arising from a G* with M > 700 GeV and, at the same time, 
to produce small corrections to the invariant mass distribution in the cross section. As a first 
observation, we notice that the NFS contributions to A\p^ dominate over the INT terms in 
the resonant region. Since a positive asymmetry is measured in that region, for typical values 
a/s ~ 500 GeV, a first constraint is imposed on the couplings: VgagVtat > 0. Subsequently, it 
is also required agat < in order to assure a positive pre-peak since INT contributions may 
become competitive in the region s < (M — F^.) where the pre-peak takes place. In addition, 
these two conditions imply that VgVt < 0, giving positive and negative contributions to att from 
INT terms in the regions with s < (M — Tg*) and s > (M + Fg*) , respectively. In order to 
avoid large distortions in the au invariant mass profile and significant deviations from the dijet 
final state invariant mass distributions, we demand small axial and vector couplings for light 
quarks -we satisfy this condition by assuming small chiral couplings-. On the other side, we 
set large top chiral couplings for two reasons: (i) to make the G* effects detectable and (ii) to 
explain the A^p^ shape by means of the presence of a relatively broad resonance -we will see 
below that a narrow resonance does not lead to an agreement with the experimental results. 
Besides, NFS contributions to au are always positive for any choice of couplings as we can 
read from Eq. (jTj). Therefore, we expect the cross section to increase in the resonant region. 
Thus, we see that a delicate interplay between the size of G* width and its couplings to quarks 
for fixed values of M dictates the experimentally allowed regions in the parameter space. It 
is worth to notice that a clear signal of the presence of a light resonance would be to detect 
an excess of events in the invariant mass distribution of A^p^ and au for s values below the 
resonant peak and a defect above. 

The previous discussion is quite general for a gluon resonance with M ~ 1 Te V and Tg* /M ~ 
0.2-0.3. Now, with the aim to illustrate the way we use that argument as a guide to generate 
the simulations presented in the next section, we take a gluon resonance with M = 700 GeV 
as a typical example and analyze the role played by the couplings in the search of suitable 
A^p^ and au distributions. We also set, in this example, the quarks Left couplings to zero to 
simplify the analysis. In Fig. [H we show the analytical predictions for au and A'^p^ at the 
parton-level (these results have to be convoluted with the FDF's to obtain the physical values). 
For zero Right couplings, we obtain the SM cross section at tree-level (blue line) and a null 
contribution to the asymmetry. Now, to achieve the condition a^at < 0, we need /^^ and /t^ to 
have opposite signs -the other constraint, VgagVtat > 0, is then directly fulfilled-. Besides, as a 
relative large asymmetry is required, we set first both couplings to have an absolute value equal 
to 1. This selection results in too large deviations from measurements and it is forbidden (green 
lines). We reduce then the value of the light quark right coupling, /g^ = —0.2, to produce a 
lower impact on the observables, however, this choice leads to a rather narrow resonance that 

6 




Mti [GcV] -0.2 : 




Mti [GeV] 



(a) 



(b) 



Colour 


JQr 


ftR, 


Vg' GeV 


Blue (SM) 

Green 

Brown 

Red 




-1 

-0.2 
-0.05 




1 
1 

5 


38 
13 
143 



Figure 1: Differential cross section in arbitrary units (a) and forward-backward asymmetry (b) 
at tree-level, as a function of the ti invariant mass for different light-quark (/g^) and top (/t^) 
Right couplings. (All Left couplings have been set to zero and /^^ = 1.) The dashed lines 
correspond to the value of the G* mass (M = 700 GeV). From top to bottom at the left of 
both plots the lines colours are green, red, brown and blue. 



still gives a large deviation in the resonant region (brown lines). Finally, in red lines, we find 
a possible solution. We see that the inadequate effect produced by a narrow-width may be 
changed by making the resonance broader. We keep a small value for /^^ but increase ft^ up 
to 5, giving a width F ~ 150 GeV, which is of the same order as the typical values for allowed 
parameter space points found in the simulations. Therefore, this analysis shows us the main 
ingredients to be taken into account and anticipates light-quark (top) chiral couplings of order 
~ 0.1 (> 1). Besides, there could be new channels open, for example if new coloured fermions 
Q were present, the processes G* -^ qQ and G* — )■ QQ could be open whenever the available 
phase space allows them [TTj. An alternative mechanism to explain the experimental data may 
occur in that case because F^. would increase without the need of enlarging the couplings. In 
this work we assume that these channels are not open. 

For large G* masses (M ~ 2.5 TeV), the INT term dominates in the whole s range, always 
giving positive contributions to A^p^ and ati- In order to have an agreement with A^^, the 
couplings of the light quarks have to be ~ 1 because of the lack of a significant NFS contribution 
in the resonant region. Finally, the dependence on Tq* is smoother for heavy gluons than in 
the case of light gluons. 

We see from Eqs. ([6]) and ([7j) that the strength of the INT and NFS terms are controlled by 
the product of the light and top couplings. On the other hand, the G* width is given by a sum 



of light and top couplings squared (and a secondary dependence on the mass of the quarks). 
Therefore, when exploring the parameter space we have that if -as it is going to be the case- 
the light couplings are small and the top couplings large, then modifications to the width arise 
mainly from changes in the top couplings. On the other hand, variations in the strength of INT 
and NPS terms are equally sensitive to changes in both the light and top couplings. Therefore, 
in a first approximation, if we need to modify the strength of the INT and NPS contributions 
without producing large variations in the G* width, we should only change the light-quark 
couplings; if we need to modify the width, we should change the top couplings. This discussion 
will be helpful for the analysis performed in the next section. 



4 Numerical scan and results 

In this section we perform a numerical scan of the regions of parameter space pointed out by the 
previous paragraphs analytic study of the tt forward-backward asymmetry {A*p^) and invariant- 
mass spectrum in the qq — )■ ti process. In this numerical scan we use Madgraph/Madevent [IB] 
(MGME) |j with CTEQ6L parton distribution functions [THj to simulate Tevatron pp -> ti 
process and compute A^p^ and Mtf-spectrum at parton-level. 

In order to test the different points in the parameter space, we compare our simulated 
A^p^ results to the CDF two-bins unfolded result on this observable [B]. On the other hand, 
given the lack of unfolded results in the recent experimental data on the Mif-spectrum [6], we 
interpret the experimental data as that there is agreement with the SM expectation. Therefore, 
we simulate the Mtj-spectrum using our model and using the SM and compare both results. 
In this last comparison we use in both simulations the same values for the top mass, and the 
factorization and renormalization scale. (In any case, we have checked that changes in these 
values within their allowed limits do not modify our results within the statistical error.) 

In order to compare the forward-backward asymmetry results, we perform a x^ test on the 
two bins of the unfolded data for A^p^. To compare the ti invariant-mass spectrum we also 
perform a y^ test, but as follows. We divide the Mti domain in 15 GeV bins up to Mti = 700 
GeV and from there up we divide in three bins in 740, 800 GeV and greater than 800 GeV, 
in order to assure at least 5 events per bin in the SM simulated Mif-spectrum with 5.3 fb~^ 
(the collected luminosity in the CDF results). To avoid large fluctuations we always simulate 
100.000 events, and for the Mif-spectrum we scale the results to the measured luminosity. In 
each x^ test we require p > 0.05 to state agreement of the NP model on the corresponding 
observable. 

We perform a scanning of two different regions in parameter space. In the first case, in order 
to obtain clean results, we set all the Left couplings of the quarks to the new gluon to zero, and 
plot our results solely as a function of the light and top quarks Right couplings. The motivation 
for this choice in the top quarks is simplicity and the existence of precision measurements in B- 
physics [20] which constrain the couplings of the {t^ &l) doublet to new gluons. In this scenario 



^We have slightly modified MGME to include a running width for the resonance. 



we have that axial and vector couphngs are equal; therefore the asymmetry at the resonance 
is positive (see Eq. [7]). By setting opposite signs to the light and top Right couplings we get 
a positive pre-peak in the asymmetry, as sought. In the second case we perform a random 
scan of all couplings in order to see the regions which have better agreement with A^p^ and the 
M^j-spectrum. 

In Figure [2] we plot the results for the scan where all the Left couplings are set to zero. 
We have performed a uniform density random scan in this region and use the black crosses to 
state no agreement neither in A'^p^ nor in Mtf-spectrum, the magenta squares to state only A\p^ 
agreement, the blue triangles to state only Mjf-spectrum agreement and the red points to state 
agreement in both observables. After the first scan we have doubled the random density close 
to the red points region in order to increase the contrast therein. 

These plots should be read as follows. First, observe that the SM, which is the /^^ = ftR = ^ 
point at the origin, does not agree with the forward-backward asymmetry. Then notice that as 
couplings increase (in absolute value) from zero, the only agreement is, as expected, with M^- 
spectrum (blue triangles). For larger couplings this agreement has to break down. On the other 
hand, from the top and left region of the plots we have -as expected from previous section- 
agreement with the forward-backward asymmetry (magenta squares). (In Figure [2^ the top left 
corner begins with no agreement, since such a light resonance gives too large asymmetry for 
those couplings.) Again, this agreement has to break down as couplings decrease in absolute 
value. Henceforth, these two regions (blue triangles and magenta squares) could be joined 
mainly in two ways. Either through a region where both agreements {A^p^ and Mtj-spectrum) 
fail (black crosses), or either they overlap and there is an agreement in both observables (red 
points) . 

We see from the plots in Fig. [2] that, as it was the first motivation of the work, there is a 
strip of favourable (red) points for a light resonance beginning at M > 700 GeV. Although in all 
cases the agreement region is a relatively thin strip, this agreement is slightly more convincing 
for larger M. It is interesting to observe at this point that the favourable region that has raised 
from the phenomenological analysis is composite models friendly, with only the Right chirality 
of the top quark being composite in this case, since it has large couplings to New Physics. 
A possible way to broaden the red strip is to consider the presence of extra fermions Q that 
open new decay channels modifying the resonance width [T7]. However, for the case of light Q 
fermions, a deeper examination of the existing collider phenomenology should be carried on. 

At this point, it is also interesting to understand the red points patterns in Fig. |2]from the 
previous section parton- level equations IQ and (jTj). The off- resonant case (large M) is easy to 
understand, since in this case the dominant contribution to tt-production comes from the INT 
term, Eq. ([6]). As previously discussed, the effect of the width in this term may be neglected in 
a first approximation and, therefore, the dependence on the couplings is just through the fqj^ftu 
product. Therefore, regions where this product remains constant will have approximately the 
same outcome for ApB and Mjf-spectrum . In fact, this is easily verified for M = 1500 GeV in 
Fig. |2jl, where the red points strip is along a fqj^ftn — constant line. 

On the other hand, in the resonant case (low M) it is the NFS term, Eq. [TJ the one that 
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Figure 2: Results of the numerical scan where we test agreement with A^p^ and the Mu- 
spectrum at the p ^ 0.05 level for different masses of the gluon partner. /^^ stands for all 
the light quarks {u, d, c, s and b) Right couplings, and /t^ for the top Right coupling (all 
in units of Qs)', all Left couplings are set to zero in this scan. Black crosses correspond to no 
agreement at all, magenta squares to only agreement in A^p^, blue triangles to only agreement 
in the Mif-spectrum and red points to agreement in both A^p^ and the Mij-spectrum. In all 
plots the random density is uniform everywhere, but in the red-points region, where it has been 
doubled in order to obtain better contrast. Notice the different scale in plot (d). 
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Figure 3: Exploration of the parameter space through a total random scan. /(,^ (which is not 
plotted) takes random values between —2 and +2, and all the couplings are expressed in units of 
Qg. In each plot there are three variables which are not plotted and produce a mixture between 
the different colour regions. Black crosses correspond to no agreement at all, magenta squares 
to only agreement in v4^^, blue triangles to only agreement in Mff-spectrum and red points to 
agreement in both A^^ and Mtf-spectrum. 
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rules, at least close to the resonance. In this case the width plays a major role and it has to 
be taken into account. We observe from Eq. [7] that, for the case of large /j^ and little /g^, the 
NPS term close to the resonance goes essentially as /^ ftj^l ft ■ Therefore, an increase in |/t^| 
will have the effect of diminish and broaden the peak in the Mif-spectrum and Aps- Since the 
resolution in Aps is only in two large bins, then the change will be minor here. Henceforth, we 
may expect that if only |/j^| is increased from a favourable (red) point in parameter space, then 
the agreement with Mtf-spectrum and ApB may hold. On the other hand, if we only move /^^ 
we will have that the width remains unchanged and the NPS changes to disfavourable regions. 
In fact, if l/g^l is decreased, then the peak in ApB decreases but is not broaden, therefore 
spoiling the asymmetry. If |/q^| is increased then the peak in Mij-spectrum is also increased 
and spoils this observable. These observations are best seen in Figs. |2^ and [2b for M = 700 
and 850 GeV, where the red points lie along a vertical strip. 

Finally, we have also performed a total random scan of the couplings. We present the results 
of this scan for masses of the resonance which could be resonant at Tevatron (M = 700, 850 
and 1000 GeV) in Fig. [3l and for larger masses (M = 1500 and 2500 GeV) in Fig. H In all 
cases we have varied /g^, /g^, ft^ = fb^, fta and f\^. The variation of Z;,^, which is between —2 
and +2 (in units of Qs) and is not plotted, modifies slightly the width of G* and henceforth the 
outcome of the simulation. At difference with the previous case, in each of these plots there 
are three couplings which change randomly and are not being plotted. Therefore, there is not 
a clear border between the different colour regions in this case. A general feature of all plots 
is that the favourable points show an axial-like preference for the couplings of light and top 
quarks. Moreover, we found that, as anticipated in the previous section, these axial couplings 
have in general opposite signs (this result cannot be seen from the plots). Also notice that, as 
expected, as M increases also the couplings required to satisfy the CDF observables increase 
(in absolute value). And last, observe that the density of red points increases considerably as 
M increases, which would mean that a large M solution is favoured. 

As predicted in the previous section, as the mass of G* increases, the NPS term becomes less 
important and therefore the large-width requirement to preserve the Mtj-spectrum agreement 
may be relaxed. This is translated in Figs. [3] and |4] in that magenta squares density decreases 
(where A^p^ agrees, but Mif-spectrum fails) and red points density increases {A^p^ and Mti- 
spectrum agree), as M increases from 700 GeV to 2500 GeV. 



5 LHC phenomenology 

Our analysis shows that a light gluon resonance with M > 700 GeV can accommodate the 
CDF data on tt production within p > 0.05. However, there are new data from LHC that show 
agreement with the SM predictions. The most important constraints for this type of gluon 
resonance searches arise from the ti production [2T1 [22| and dijet final states [231 121] in LHC 
at 7 TeV. In this section we analyze those constraints for all the points of the parameter space 
that reproduce the Tevatron measurements, using the random scan of section HI We also show 
the main predictions of our model for LHC. 
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Figure 4: Same analysis as in Fig. [3l but for heavier masses which could not produce a resonance 
at Tevatron. Black crosses correspond to no agreement at all, magenta squares to only agree- 
ment in A^pg, blue triangles to only agreement in M^i-spectrum and red points to agreement in 
both A^pg and Mij-spectrum. 
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Concerning top-pair production, Ref. [21] shows agreement of the cross section with the SM 
for an accumulated luminosity of 35 pb~^, whereas the recent analysis of [22] sets limits on 
the production of resonances with an accumulated luminosity of 200 pb^^. Ref. [22] excludes a 
gluon resonance with M < 650 GeV for a specific choice of couplings: fq^ = /g^ = /^^ = —0.2, 
ftL = fbL = ^ and /j^ = 4. Note that, as shown in the previous sections, the Tevatron data 
disfavours vector- like couplings as the ones chosen for the light quarks in [22], since they lead to 
too low A]^^. Since the Tevatron A^p^ requires large couplings between the top-quark and the 
resonance, ft > 1, the top-pair pair production is one of the better tests for a gluon resonance 
of this kind at LHC We have simulated the production cross section of a gluon resonance 
decaying to ti at LO at parton-level, finding a < 2.5 pb in all the cases. Since the analysis of 
[22] gives upper bounds for M < 1.6 TeV only, we can not precisely check limits in the case of 
M = 2.5 TeV. For a light resonance mass, M < 1 TeV, the limits set by [22] are well beyond the 
results of our model, mainly because the Tevatron results can be obtained with small couplings 
for the light quarks, suppressing the ti production through G* at LHC. For M ~ 1.5 TeV, the 
ATLAS sensitivity reported in [22] is near the region of the parameter space that can explain 
A^PQ. We expect that with an accumulated luminosity greater than 1 fb~^, either an excess in 
att can be measured or a large region of the parameter space with M ~ 1.5 — 2.5 TeV can be 
excluded, mostly the region with larger top-couplings. Also a better resolution of the invariant 
mass distribution could be useful to test our predictions for ti. 

In Ref. [23] the ATLAS collaboration has provided experimental results on the search for new 
resonances in dijet final states with 36 pb~^. A recent update with 163 pb~^ provides stronger 
constraints on the search for new resonances and extends the analysis to larger masses |24j . 
A light gluon resonance can give large contributions to jet pair creation, as shown in Fig. 2 
of Ref. [21] for axial couplings of order 1. Since the Tevatron data selects the couplings of 
the light quarks, we analyze the predictions for dijet production at LHC, that have a strong 
dependence with the resonance mass. First notice that, since the events analyzed by AT- 
LAS include 6-jets, the dijet production through G* is controlled by two terms, one including 
only light-jets proportional to /^ and another including 6-jets proportional to /^ x f^. For 
M = {700, 850, 1000, 1500} GeV, we find agreement with the Tevatron data for regions of the 
parameter space with fg < {0.1,0.2,0.3,0.4}, whereas fb ~ 1. These couplings lead to a sup- 
pression factor ~ 10"^ — 10~^ for light-jets, and a suppression factor ~ 10~^ — 10"^ for 6-jets, 
with a dispersion that depends on the precise value of fb- On the other hand, for M = 2.5 
TeV, larger fq are required to reproduce the Tevatron results on ti, fg ~ 0.5 — 2, that is similar 
to the range for /fe^, but smaller than the range for fb^ = ft^^- Therefore in this case, although 
there is a large suppression from M, the large couplings induce a sizable contribution that can 
be tested with the present data. We have simulated at LO the dijet production in our model 
with MGME and Pythia [25] for hadronization and showering simulations. We have considered 
the following set of kinematic cuts, implemented in [24]: |?7j| < 2.5, |A?7jj| < 1.3, pip > 180 
GeV, pip > 30 GeV and Mjj > 700 GeV. Although we have not made a detailed simulation of 
the detectors, neither computed NLO corrections, we expect that our LO predictions can give 
the correct order of magnitude, mainly on the upper bound limits. Our results show that, for 
M < 1.5 TeV, the dijet limits on the cross section are all beyond the present sensitivity. For 
M = 2.5 TeV the ATLAS analysis put severe constraints on the parameter space. Taking the 
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95% confidence level upper limit of [23], we obtain that a large region of the parameter space 
is ruled out in this case. 

Let us comment also on the proportion of events with light- and 6-jets. For M = 700 and 
850 GeV we find that the ratio of events with 6-jets is between 95 — 99% for the different points 
of the parameter space, whereas for M = 1000 GeV the ratio of 6-jets is 90 — 99% and for 
M = 1500 GeV the ratio is 40 — 99%. The dispersion in the frequency of 6-jets is due to the 
different values of fq and fb for each point of the parameter space with fixed mass. On the 
other hand, for M = 2.5 TeV, we find points of the parameter space where the ratio of fe-jets 
is only 1%, and we also find points where this ratio raises to 99%, depending on the region of 
the parameter space. As expected, we also find that, for all the resonance masses, the points 
of the parameter space that have a lower ratio of events with 6-jets correspond to lower values 
of ffy^. For these reasons it will be very interesting to have experimental data on resonance 
searches with dijets and 6-tagging, that could help to better select the favourable region of the 
parameter space. 

We summarize the predictions and constraints from resonances searches in jj and ti creation 
at LHC in Fig. |S^. The different colours codify the different values of the resonance mass: red 
for M = 700 GeV, orange for M = 850 GeV, brown for M = 1 TeV, green for M = 1.5 
TeV, and blue for M = 2.5 TeV. We also show with coloured lines the upper bounds for each 
mass in the contribution to dijets and top-pair production at 95% confidence-level, taken from 
Fig. 2 of [24] and Fig. 6 of [22]. There is no upper bound line on ti production for M = 2.5 
TeV because Ref. [22] only provides information up to M = 1.6 TeV. Only the points on the 
lower-left corner of these lines are not ruled out. Note that although the limits from ti do 
not exclude any point, a mild increase of the accumulated luminosity may be enough to test 
a resonance with M > 1 TeV. For M < 1.5 TeV the dijet constraints are much above from 
the predictions of the model, whereas for M = 2.5 TeV approximately 88% of the points are 
excluded by dijet constraints. In this case only points with /q ^ 1 are allowed, therefore the 
non-observation of any resonance in dijet final states selects the smaller couplings. 

Recently, the CMS Collaboration has reported the first measurement of the charge asym- 
metry in top quark pair production at LHC, with an integrated luminosity of 36 pb~^ at 7 
TeV. The measured asymmetry Aq = 0.060 ± 0.134(stat.) ±0.026(syst.), being still dominated 
by the statistical uncertainties [26], is consistent with the SM prediction 0.0130 ± 0.0011. In- 
creasing the integrated luminosity to > 1 fb~^, CMS can reach the same sensitivity as Tevatron 
results, providing an independent measurement of top asymmetries that can complement the 
Tevatron results on A\p^. Moreover, as shown in Ref. [27], there is a correlation between both 
asymmetries, that depends on the details of NP and can thus discriminate between different 
models. The charge asymmetry measured by CMS is defined by: 

N+ -N- 

with A^^ the number of events with positive or negative values of |?7i| — \rit\, being r] the pseudo- 
rapidity in the laboratory frame, t] = — logtan6'/2. 

We have computed the charge asymmetry Ac for top-pair production at LHC at 7 TeV. 
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Figure 5: Predictions for LHC at 7 TeV for all the points of the parameter space that reproduce 
the Tevatron measurements using the random scan of section |H Fig. (a) shows the production 
cross section of G* decaying to jj and ti. In one axis we plot the LO production cross section 
of G* decaying to jets, without b-tagging, after applying the set of kinematic cuts described in 
[21]. On the other axis we plot aa* x BR{G* — >■ tt) at LO, at the parton-level. Fig. (b) shows 
the total A^pQ at Tevatron versus total Aq at LHC at 7 TeV. The colours and style codify the 
different values for the resonance mass: red dots for M = 700 GeV, orange squares for M = 850 
GeV, brown empty triangles for M = 1 TeV, green crosses for M = 1.5 TeV, and blue filled 
triangles for M = 2.5 TeV. The corresponding coloured lines show the 95% confidence-level 
upper limit on dijet and top-pair production, taken from [22] and [23], from right to left they 
correspond to increasing resonance masses. None horizontal blue line has been drawn because 
there are no experimental limits on tt production for a gluon resonance with M = 2.5 TeV. 



The NP contribution to the total charge asymmetry in tt production, A^ , is predicted to be 
positive and of order 0.01 — 0.03 in our model, below the sensitivity of the present measurements. 
Although there is a correlation with A^^, it is different from the one reported for the axial 
model in [27], essentially because the couplings are neither axial, nor universal, resulting in a 
more complicated pattern that is difficult to disentangle from the signals of other models by just 
analyzing these observables: A^p^ and Ac- In Fig. [5)d we show our results for the contributions 
to A\p^ and Ac- The different colours codify the resonance mass as explained before. 



In [2S] the CMS Collaboration has also provided the unfolded results on the spectrum of 
\Vt\ ~ \Vt\j considering 6 bins, defined by the following limits for |?7i| — |?7t|: —1, —0.5,0,0.5, 1. 
Thus we have computed the spectrum of |?7t| — |?7i|, obtaining deviations of order 0.1 — 5% 
compared with the SM prediction for these 6 bins. We obtain the largest deviations in the bin 
I'?*! ^ \Vi\ > 1) with positive NP contributions of order 1 — 5%. However, since the uncertainties 
are still large, all the points we have simulated are in agreement with the data. Either larger 
luminosity or a more refined resolution is needed to test our model with the |^i| — |?7f | spectrum. 
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There is also an interesting prediction for LHC concerning the ti invariant mass spectrum. 
For all the points that agree with the Tevatron data, our model results in an excess of events for 
Mtt < {M — Vg*) and a lack of events for Mti > (M + Fg*); compared with the SM. This can be 
seen from the parton-level analysis of section [31 Therefore, detailed data on the Mtf-spectrum 
could provide a strong test for this kind of gluon resonance. 



6 Discussion and UV completions 

We have considered an effective approach with just one gluon- resonance. There are many 
UV completions of the SM that contain a massive colour-octet vector as G*, as for example 
composite Higgs models and extra-dimensions. In these theories there are in general resonances 
associated to the other SM fields also, and even infinite towers of massive resonances. We have 
considered just the effects of the lightest resonance associated to the gluon for simplicity, and 
because in many cases it gives the leading contributions to the physical processes that we have 
studied in this work. Examples of UV completions of our model have been presented recently 
in Refs. [12] and [1] , corresponding to two different models with a warped extra dimension, the 
main difference between them being the resonance scale, 1.5 — 2 TeV and < 1 TeV, respectively. 
Our results are compatible with the analysis of those papers, but the region of the parameter 
space that we explore is much larger than the one allowed in those frameworks. Usually, in 
warped-extra dimensional models, the hierarchy in the fermionic spectrum is explained by the 
localization of the 0-mode Kaluza-Klein (KK) wave functions in the extra dimension. These 
wave functions also determine the strength of the couplings with the massive KK modes, as 
G*. In our model we have considered random couplings, without that kind of constraints. As 
explained in [13], in a large family of composite Higgs models and in simple extra dimensional 
models it is not possible to obtain large axial couplings, because /^ is either positive or small and 
negative. For this reason our results go beyond this kind of models. Interestingly, the results 
on A^pQ choose a region with large top-couplings, characteristic of models with a composite top. 

We have shown that, to reproduce A^^, the couplings of the light quarks can not be too 
small for M > 2 TeV. For warped extra-dimensions, this implies that at least one of the 
chiralities of the light quarks has to be somewhat delocalized from the UV boundary, leading 
to sizable couplings not only with G*, but also with the whole set of resonances associated to the 
EW sector. The precision EW measurements put strong constraints on these couplings, that 
usually can only be satisfied by introducing new symmetries [281 129] or more structure [301 [31]. 
In Refs. [121 [13] we have shown how, by properly choosing the quantum numbers of the fermions 
under the custodial symmetry and an extra discrete symmetry (called P^r and Pc)i one can 
protect the Z-couplings of the light fermions and reproduce the measured A^^D The same 
mechanism can be implemented in the present set-up for M > 2 TeV. 



*See also Refs. (TSl [Ml HI] for other solutions. 
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7 Conclusions 

In this work we have studied the phenomenology at Tevatron and LHC of a TeV colour- 
octet vector resonance. We have focused our attention on the top-pair creation at Tevatron, 
making an analytical study of the new physics contribution to the cross section and forward- 
backward asymmetry as functions of Mjf for different configurations. This analysis shows the 
interplay between the interference and the new physics square terms depending on the size of 
the couplings and the resonance mass. It allows us to select the regions of the parameter space 
that can increase the asymmetry in the high invariant mass region without spoiling the cross 
section. We have also simulated the top-pair creation at Tevatron at LO and at partonic level 
with Madgraph/Madevent. The previous analysis also allows us to understand the results of 
our simulations. Finally, we have computed the contributions of our model to dijet final states 
and top-pair creation at LHC, contrasting our results with the limits on the production of 
resonances. We have also shown the LHC predictions of our model for the charge asymmetry 
in ti creation. 

As a summary of our results for Tevatron, we have shown that an s-channel gluon resonance 
with a mass M = 0.7—2.5 TeV and chiral couplings with the SM quarks can reproduce the data 
on top-pair production with p > 0.05, alleviating the tension present in the high mass regime 
of A^pQ, that exceeds the SM prediction by more than three standard deviations. Almost all 
the previous analysis have focused either on effective operators or heavy resonances to keep 
the agreement with the SM cross section: M > 1.5 TeV (see footnote 1), whereas we have 
shown that resonant new physics can also do the job. We have determined the couplings that 
reproduce the data for different values of the resonance mass: M = 700, 850, 1000, 1500 
and 2500 GeV, demanding small couplings for the light quarks to avoid spoiling the LHC jet 
phenomenology. We have found that in general axial-like couplings are preferred and that, since 
we have chosen small light-quark couplings, the top couplings are large > 1, pointing towards 
top compositeness. The size of the couplings of the light-quarks increases as the resonance 
becomes heavier to keep a sizable contribution to the asymmetry, with /^ ~ 0.1 for M = 700 
GeV and /g ~ 1 for M = 2.5 TeV. We have also found that the density of points in the 
parameter space that can accommodate the data is much smaller for M = 700 GeV than for 
M > 1 TeV. 

Concerning the LHC phenomenology, we have found that for M = 700, 850, 1000 and 
1500 GeV, the limits on the search for new resonances are above the predictions of our model. 
However, for M = 2.5 TeV, 88% of the parameter space is ruled out by the limits on new 
resonances set by dijets, remaining only the points with light-quark couplings not larger than 
~ 1. Our results also show that a large region of the parameter space that lies below the 
present limits could be tested with a sensible rise of the accumulated luminosity and the center 
of mass energy. It will be interesting to have experimental data on dijet resonance searches 
with 6-tagging in order to discriminate regions in the parameter space. We have also computed 
the top charge asymmetry, obtaining new physics contributions of order 1 — 3%, and corrections 
to the \rit\ — \rit\ spectrum. 

Note that, if the Tevatron data is explained by a gluon resonance, we have to demand 



M > 700 GeV, with light-quark couphngs increasing with the resonance mass. On the other 
hand, the hmits from LHC resonance searches seem to avoid M > 2.5 TeV if the couphngs are 
large. Therefore, our analysis suggests that there is a preferred window for the resonance mass: 
M ~ 0.7 — 2.5 TeV. Interestingly, a resonance like this can be tested at LHC in the next years. 

Ref. [6] has provided a distribution of the events and of the asymmetry as functions of the 
invariant mass, with bins of 15 GeV for the cross section and 50-100 GeV for the asymmetry. 
However these distributions are not unfolded, making it difficult to test the models beyond 
the SM with this level of accuracy. Notice that the parton-level unfolded data presented for 
the asymmetry is divided in two bins only [6]. A more refined distribution at the parton-level 
would be very useful to better test the new physics. 

As a final consideration, note that for certain regions of the parameter space, our model 
can be embedded in a more complete theory solving the hierarchy problem, as composite Higgs 
models or extra dimensions. However there are some combinations of couplings that either can 
not be obtained in these models, or fail to reproduce the EW precision data when the full EW 
sector is considered. It would be very interesting to find a model able to cover those regions of 
the parameter space. 
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